The objective of this study is to correlate the genetic diversity among tea cultivars with drought tolerance/susceptibility on the basis of morphological, physiological and molecular markers. Twelve highly polymorphic inter simple sequence repeat primers targeting the tea dinucleotide repeats predominantly present in drought stressed transcripts were used to screen out the germplasms into two groups showing drought tolerance and susceptible characteristic with polymorphic information content of 0.3. A similarity index of 0.58 was observed among the cultivars. Morpho-physiological diversity among the cultivars was studied using eighteen morphological and two physiological markers. Correlation studies showed significant association between the ranks of the morpho-physiological distances and molecular genetic distances at P=0.05%. The dinucleotide repeats targeted along with morpho-physiological correlation can be used in tea breeding for drought tolerance as the markers are in sync with the long term field trials based on which the plants were classified for drought trait.
INTRODUCTION
Drought stress stimulates a broad response in tea plant, Camellia sinensis (L.) O. Kuntze, which changes the cellular metabolism and ultimately affects growth and yield. As tea plant is highly heterogenous, natural hybridization results in significant genetic variation (Panda 2011) . Several tea genotypes are known for their tolerance and susceptibility to drought based on physiological traits (Barman et al. 2008 ) and extensive field trials (Singh 2006) . But the genetic relationships amongst these varieties are still unknown, which knowledge will enable to correlate the traits with markers for using in conventional tea breeding programmes. Adaptability of tea plants to various stresses with inherent quality for the end product is a determining factor in large plantations. Selected markers should be able to discriminate between drought tolerant and susceptible cultivars using rapid and inexpensive methods. Generally shoot and leaf characteristics are the easiest morphological traitstable to select tea varieties under field conditions. Morphological descriptors were the earliest markers used in germplasm conservation but have limitations like low polymorphism, low heritability, late expression and vulnerability to environmental stresses (Smith and Smith 1992) . Physiological parameters like changes in turgor, osmotic pressure, leaf water potential, stomatal conductance and transpiration (Ribas-Carbo et al. 2005) , low leaf growth rate, high water use efficiency (WEU), proline, abscisic acid are useful indicators for drought tolerance. Phenotypic markers in association with T3  DT  12  4  Lengree 51  T4  DT  12  5  GP-19  T5  DT  26  6  TV-25  T6  DT  43  7  TV-23  T7  DT  44  8  TV-26  T8  DT  43  9  T V -1  T 9  D T  4 4  10  TV-20  T10  DT  44  11  TV-19  T11  DT  44  12  TV-17  T12  DT  44  13  CP-1  T13  DT  22  14  TV-2  T14  DS  44  15  TV-4  T15  DS  44  16  TV-6  T16  DS  44  17  TV-8  T17  DS  44  18  TV-13  T18  DS  44  19  TV-15  T19  DS  44  20  TV-21  T20  DS  44  21  Borsillah 24  T21  DS  19  22  Baghmari 20  T22  DS  19  23  Baghmari 35  T23  DS  19  24  Gohpur33  T24  DS  21 molecular markers can accelerate tea plant breeding efforts and selection of improved tea varieties with better stress tolerance. The effectiveness of both morphological and physiological markers varies with growth stages of the tea plant as well as environmental conditions. Molecular markers however do not vary at different conditions and may help to identify some particular stress tolerant traits that may be possessed by a plant variety at the genetic level.
Inter simple sequence repeats (ISSR), regions between adjacent microsatellites, is a useful marker for the study of genetic diversity and phylogeny (Tomar et al. 2010) . ISSR markers based on AG and GA repeats have been reported to be very informative in rice (Sarla et al. 2003) and wheat (Deshmukh et al. 2012 ) for drought tolerance. The drought expressed sequence tags of tea also represented high frequency of AG, GA, TC, CT repeats (Gogoi et al. 2014) .
In this study we have used these repeats sequence to generate ISSR primers to correlate molecular polymorphism with morpho-physiological traits of tea plants for developing an effective approach for selection of drought tolerant varieties which generally may take 10 years through conventional breeding.
MATERIALS AND METHODS

Plant material
Thirteen drought tolerant and eleven drought susceptible cultivars of cultivated tea (Table 1) were selected based on long term field trials under different agroclimatic conditions for their drought trait (Barman 2011) . The leaf samples of these cultivars were collected from the germplasm conservation site of Tocklai Tea Research Institute, Jorhat, Assam for the experiments. The physiological and the morphological data were generated from the plants in the field conditions during the winter season (January and February) when rainfall was minimum in Assam (Supplementary Table 1 ). 
Morpho-physiological study
Twenty three morphological characters of the cultivars ( Supplementary Table 2 ) were analysed qualitatively and quantitatively following the guidelines of International Plant Genetic Resources Institute (IPGRI 1997) . For each morphological character mean of ten replicates were considered. Plant physiological parameters such as photosynthesis, transpiration rate, WUE were determined by using Infrared Gas Analyzer (Ciras II, PP system; Stortfield, Hitchin Herts, UK). Leaf wax content was determined according to Silva Fernandes et al. (1964) .
Extraction of DNA and ISSR amplification
Genomic DNA was extracted using the methodology of Doyle and Doyle (1987) with slight modifications. The quality and quantity of the extracted DNA was checked using a spectrophotometer (Eppendorf) to get a concentration of 50 ng/µl for further downstream processes. ISSR region in the genomic DNA was amplified using 12 primers representing the dinucleotides (TC, AG, GA, CT, CA, and AC) ( Fig. 1 ). Polymerase chain reaction reactions were carried out in 10 µl volume containing 50 ng of total DNA, 1X Taq Buffer B (Genei), 1.25 mM MgCl2, 0.5 mM dNTPs, 0.5 mM primer and 0.1 U Taq DNA polymerase in a programmable Veriti (Applied Biosystems, Foster City, CA, USA) thermocycler. The amplification protocol includes initial denaturation at 94 o C for 5 minutes followed by 40 successive cycles of denaturation at 94 o C for 30 seconds, primer annealing at respective Tm values (ranging from 40 o C to 55 o C) for the selected primers for 30 seconds and extension at 72 o C for 2 minutes. This was followed by a final extension at 72 o C for 10 minutes. The amplicons were then separated in 1% agarose gels, visualized under ultraviolet light and documented in a Protein Simple AlphaImager MINI gel documentation system (Cell Biosciences Inc., Santa Clara, CA, USA).
Statistical analysis
The capacity of the ISSR primers to distinguish among the genotypes studied was evaluated by gene diversity and the polymorphic information content (PIC) using the genetic analysis package Power Marker (ver. 3.23; Liu and Muse 2005) . Since the ISSR markers are dominant it was assumed that each band represent the phenotype at a single bi-allelic locus. The ISSR markers were scored into a binomial matrix (0/1) and similarities among the loci were calculated by Jaccard's coefficient. The similarity matrix was used to input data for cluster analysis by applying unweighted pair group method with arithmetic averages (UPGMA) and a tree plot was drawn using NTSYS-pc (version 2.11X).
Principal component analyses of morphological and physiological data were done based on pearson correlation coefficient using XLSTAT 14.5.4 software. For morphological data like mature leaf shape, leaf blade habit, leaf base shape etc, the variations were coded into numerical values like 1, 2, 3 etc and analysed. Two level analysis of variance was performed on the quantitative morphological and physiological data to find the significant variables between the drought tolerant and susceptible cultivars. Tukey honest significant difference post-hoc test was done to determine the differences between the groups at 95% confidence interval. The morpho-physiological traits showing significant differences between drought tolerant and susceptible varieties are only taken for mantel test to study the correlation between morpho-physiological matrix and molecular matrix at 0.05% significance level using one tailed test in XLSTAT 14.5.4 software.
RESULTS
Diversity based on morpho-physiological traits
Plants develop various morphological traits to adapt in stressful environments. Twenty three morphological traits were studied to differentiate the selected cultivars on drought tolerance or susceptibility ( Supplementary Table  2 ). Five traits namely growth habit, stem type, leaf apex shape, leaf surface waxiness and pigmentation in young leaves and petiole were not informative and eliminated. The remaining traits were analyzed and found that leaf surface area, pubescence and leaf angle although showed differences in the contrasting cultivars, they were not significantly distinguishable for the drought traits in the cultivars studied ( Table   2 , Sheet 2). Light intensity and photosynthetic rate was not significant between the two contrasting traits (Fig. 2) . However, transpiration loss, WUE and cuticular wax was significant at P＜0.05 (Table 2) . Only the highly informative characters consisting of 18 morphological parameters and two physiological parameters (WUE and cuticular wax) were considered in the morpho-physiological correlation studies. Principal component analysis to determine the association of only the morphophysiological Fig. 3 . Principal component analysis of morpho-physiological data. The percentages of variation described by the factorial axes (F1 and F2) are given in paranthesis. characters to tea varieties revealed that the drought tolerant clones Len 51, Len 56, TV26, TV25, TV19, GP 19 showed differences for leaf apex habit, pubescence, length of the mature leaf, leaf petiole, leaf colour, petiole colour and WUE (Fig. 3 ). However, distinct clustering into two separate groups consisting of drought tolerant and susceptible cultivars were not observed with the 20 morpho-physiological characters studied. Clone CP1 and Dhul 41 showed close clustering and were found to be distant from rest of the germplasms.
Genetic diversity using ISSR markers targeting dinucleotide repeats
Tea drought transcripts were mostly represented by TC (19%), GA (17%), AG (17%), and CT (15%) repeats. AC (2%) repeats showed lowest representation in the tea drought EST library (NCBI accession no. HS393200 -HS396831). The inter region within these repeats were targeted to classify the drought tolerant and susceptible germplasms with random anchoring of one to three nucleotides at the 3'. The 12 ISSR primers produced a total number of 159 bands ranging from 150 bp to 1,600 bp in the 24 germplasms with a percentage polymorphism ranging from 72.7% to 100% (Table 3 ). The 12 primers showed differences in polymorphism profiles among drought tolerant and drought susceptible varieties (Fig. 4) . The mean polymorphism percentage was 96.54 and the mean polymorphism information content is 0.3 which is highly informative for the ISSR makers used. UPGMA clustering identified two clusters consisting of drought tolerant and drought susceptible genotypes at a similarity index of 0.58 (Fig. 5 ). Within cluster 1, BJ19 and Lengree 51 sharing a similarity index of 0.92 showed approximately 90% similarity with Lengree 56. TV 23 and TV25, both highly drought tolerant cultivars showed 84% similarity with each other and shared a 74% similarity with other drought tolerant clones. TV1 clustered with the drought tolerant clones at a similarity index of approximately 70% and was the most distant among the drought tolerant cultivars studied. Within cluster 2, the drought susceptible cultivars separated into two groups, at a similarity index of about 0.73. The drought susceptible genotypes TV4, TV8, TV6, TV13, TV15, TV2, TV21 grouping under one cluster showing high similarity originates from a similar gene pool of Assam Jats (source from where the seeds are originally obtained).
Correlation between morpho-physiological and molecular markers
Mantel's correlation studies based on the ranks of morpho-physiological distances determined from the pearson correlation matrix of 20 morpho-physiological traits showed significant correlation with the ranks of molecular distances determined from the pearson correlation matrix of the 12 ISSR markers (Supplementary Table 3 ). The rank correlation value (r) was 0.158 at the level of 0.05% significance level (Fig. 6 ). This result indicates that the ranking of divergence between the tea genotypes based on morpho-physiological data has correlation with molecular data.
DISCUSSION
The correlation between morpho-physiological traits and ISSR markers targeting few dinucleotide repeats in drought stress transcripts were studied in 24 tea cultivars. Selection and development of a new tea cultivar requires nearly 7 to 10 years. So, breeding with the assistance of both morpho-physiological traits and molecular markers is a more effective approach for selection of tolerant varieties. Morpho-physiological markers like leaf blade habit, pubescence, branch angle, leaf angle, WUE, transpiration rate, photosynthetic rate etc. are easily available traits for screening the germplasms. However in this study some cultivars with drought traits are showing similar characteristics, but there are variations among the cultivars because of which morphophysiological studies could not group them into two distinct groups with drought contrasting traits. Some drought tolerant tea plants were found to have curved leaves whereas the susceptible plants were found to have expanded leaves. But there are exceptions among drought susceptible cultivars like Borshilla 24 and Baghmari 35 ( Supplementary Table 2 ) which showed curved leaf blade habit. The adaptation in drought tolerant plants to have curved leaves is to have a smaller leaf area in order to decrease loss of water by evaporation and transpiration during the drought season. Water deficit was found to reduce leaf area in soyabean (Zhang et al. 2004 ), Populus (Wullschleger et al. 2005) , Vigna unguiculata (Manivannan et al. 2007 ) and other plants (Farooq et al. 2009 ). Plants also reduce their leaf surface area by rolling or curling (Sheaffer and Moncada 2011) . Drought-tolerant varieties in this study were found to have abundant tiny hairs called pubescence on the leaves and shoots than the susceptible ones. Pubescence has the property of reflecting light from the leaf surface and reduces leaf-surface temperature. These leaf structures can also reduce loss of moisture from the surface and help to preserve the much needed water during water stress (Konrad et al. 2015) . Again varying branch angles, length of mature leaf petiole and leaf angle of stem with respect to petiole was observed among some of the drought tolerant and susceptible cultivars but the differences were not significant to group them into contrasting traits (Table 2) . Drought tolerant clones like BJ19 and TV26 showed a varying branch angle of 56.66 and 37.5 respectively ( Supplementary Table 2 ). Higher branch angle in tea will lead to a spreading bush architecture and leaf canopy, resulting in orientation of leaves towards horizontal. This will allow more incidence of sunlight, increasing the leaf temperature and higher transpiration loss. Increased incidence of solar radiation on leaves increase leaf-surface temperature and loss of moisture (Paparozzi 2008) . Vertical leaf angles reduce the amount of light intercepted by the leaves. Again drought susceptible clones like Gohpur 33 and Baghmari 35 showed a varying leaf angle of 51.66 and 25 respectively indicated different morphological variations between cultivars of similar trait. Physiological parameters like mean photosynthetic rate was also not significant between the drought tolerant (12.9) and susceptible cultivars (12.4) ( Table 2) . Like other metabolic processes, photosynthesis also gets hampered due to unfavourable and stressful environments such as salinity, drought and high temperatures which induce a number of alterations in the physiological, biochemical and molecular processes of the plant. These factors contribute to a reduction in the photosynthetic rate of the plant by stress-induced stomatal or non-stomatal limitations (Ashraf and Harris 2013) . Transpiration loss in plants accounts for 98% to 99% of the total water absorbed which mainly occurs through leaf surface by means of the stomata or cuticle. Regulating the loss of water through the cuticle or stomata is one of the survival means adopted by the plants to withstand during soil moisture deficit conditions under drought (Clarke et al. 1991) . Soil moisture depletion affects the transpiration rates in tea leaves and the growth of the plant gets reduced when the available soil moisture level falls down a threshold limit. The studied drought tolerant clones were found to have less transpiration rates as compared to the drought susceptible ones which conform to the earlier reports of Wijeratne (1998) and Barman et al. (2008) . Indicators for drought tolerance have often tended to focus on the use of higher WUE values as a physiological marker for drought tolerance. The WUE of a plant was determined from the ratio between CO2 assimilation rate and transpiration values. Higher WUE values provides an indication of drought tolerance. Varieties with high WUE values are able to assimilate more carbon and attain a more yield using lesser quantities of water than other varieties. Leaf surface waxiness and the cuticular wax content in this study were found to be significantly higher in the drought tolerant plants (Table 2 ). This study corroborates the findings of Barman et al. (2005) . Drought tolerant plants are often found to accumulate wax on their leaf surfaces (Dimmit 2000) . This morphological adaptation helps the plants to reduce moisture loss at times of water stress. Wax also reflects light from the leaf surface to help reduction in leaf temperature. Handique and Manivel (1990) also reported higher wax content in leaves of drought tolerant tea cultivars.
The 12 dinucleotide repeats markers studied could group the tea cultivars according to their drought tolerance or susceptibility indicating a strong positive association to the DNA sequences linked to drought. ISSR markers based on AG and GA repeats were reported to be highly informative in case of rice germplasms (Reddy et al. 2009 ). Charters et al. (1996) using three 5′ anchored primers together could distinguish 20 cultivars of Brassica napus. Primer CS4 containing (CT)8RG repeats revealed the highest PIC of 0.3. PIC provides the value of a marker for detecting polymorphism introduced by Botstein et al. (1980) . Chadha and Gopalakrishna (2007) reported PIC values of 0.1 to 0.5 in the study of genetic diversity using ISSR markers in rice. The highest of 0.4965 genetic diversity was observed within cultivars, based on Nei's gene diversity (Nei 1978) . The total diversity of 0.3144 among the varieties over all loci indicated that there was a good genetic variation within and between the studied tea cultivars. The clustering of the 24 cultivars with drought contrasting traits into two groups with the 12 ISSR markers was found to be same as earlier evaluated through long term field trials in different agroclimatic conditions of North East India. Hence, these markers can be used to screen tea plants at a young stage in breeding programs for evaluating drought trait. Close clustering among the cultivars was expected as most of the germplasms originated from a common gene pool and this may be another factor for contributing towards similar type of characteristics. But clustering based on morphophysiological characters could not reflect the origin of the germplasms or the drought traits. The principal component analysis based on morphological and physiological analysis was unable to group the cultivar into two groups unlike the molecular markers. However, when only the important characteristics of morphology and physiological are taken into consideration they showed significant positive correlation with the molecular genetic distances. Positive correlation among datasets between molecular markers and morphophysiological traits were also reported for drought tolerant and sensitive cultivars of lentils (Singh et al. 2016 ) and tall fescue (Sun et al. 2015) . Therefore, morpho-physiological factors should be considered along with the molecular markers for selection of tea cultivars for improving the drought tolerance in tea.
This study indicates that a combination of significant morpho-physiological and molecular markers will be useful in studying genetic relationship of tea germplasms and also selecting better segregants with associated drought trait. Interestingly, the ISSR markers based on dinucleotide repeats could also significantly distinguish drought tolerant and susceptible cultivars into two different clusters. These ISSR markers may be used by tea breeders to classify tea germplasms into drought tolerant and susceptible categories to develop drought resistant cultivars. The markers used in this study will be useful to identify drought tolerant cultivars, maintain diverse genotypes, assess genetic diversity, pre-selection of seedling plants for drought resistant and to discard unfavourable genotypes at an early stage.
